Protein structures available from the PDB contain for each atom the coordinates, the occupancy and the B-factor that indicates the mobility of the atom. The values that should represent B-factors can relate to atomic motions in different ways. We present here a databank in which all B-factors have been converted to the one, homogeneous representation that is most useful for protein engineering applications. The Databank of PDB files with consistent B-factors (BDB) is freely available through http://www.cmbi.umcn.nl/bdb/.
Introduction
X-ray crystallography is the pre-eminent technique to obtain models of macromolecules that include their atomic coordinates and mobility. The mobility can range from large-scale domain motions to high-frequency low-amplitude vibrations. In macromolecular crystallography, all types of mobility will be observed as disorder in the crystal if the motion is not restricted by the crystal packing.
Crystal structures are calculated from the X-rays diffracted by the crystal, called reflections. The number of reflections determines the number of parameters that can be used to describe the structure model. There are barely enough reflections to estimate the X, Y and Z positions of the atoms if only low resolution data, e.g. around 3.0 Å , are obtained from the crystal. Additional parameters that describe mobility might be estimated if the crystal is of better quality and diffracts to 2.0 Å . A detailed description of the occupancy and mobility of the atoms is possible if high-quality reflections are measured, e.g. from a crystal diffracting to 1.0 Å . The model parameters are determined in a process crystallographers refer to as refinement. The final goal of this refinement is to obtain a model for the macromolecule in which these parameters agree optimally with the observed reflections.
The most widely adopted measure of mobility available in Protein Data Bank (PDB, Berman et al., 2003) files is the so-called B-factor (Fig. 1) . A non-exhaustive literature search revealed that B-factors are used in a wide variety of protein engineering applications, and that some applications even critically depend on them. For example, B-factors have been used to select flexible residues as candidates for mutation in order to enhance thermal (Reetz et al., 2006; Craig and Dombkowski, 2013) or kinetic (Xie et al., 2014) enzyme stability, or to engineer disulphide bonds (Craig and Dombkowski, 2013) . B-factors have also been used as a flexibility measure for prediction of protein -ligand binding affinity (Liu et al., 2013) or protein -protein binding sites (Chung et al., 2006) . We also found a large number of web servers that use B-factors as part of the input (see Table I ). Furthermore, many molecular graphics software packages such as YASARA (http://www.yasara.org/), Pymol (http://www.pymol.org/) and VMD (Humphrey et al., 1996) assist structure analysis by visualizing B-factors.
The distribution of B-factors has been studied in active sites (Carugo and Argos, 1998; Yuan et al., 2003) , in thermophilic proteins (Vihinen, 1987; Parthasarathy and Murthy, 2000) , and has been compared between amino acid types (Parthasarathy and Murthy, 1997) , and between the side chain and the main chain as a function of refinement program (Parthasarathy and Murthy, 1999) . B-factors have been correlated with solvent accessibility, secondary structure, crystallographic resolution and crystal-packing contacts Argos, 1997a, 1997b; Zhang et al., 2009) , with order parameters and residual dipolar couplings determined by solution nuclear magnetic resonance (NMR) (Haliloglu and Bahar, 1999; Wang et al., 2004; Schlessinger and Rost, 2005; Clore and Schwieters, 2006) , with root mean square (r.m.s.) deviation from mean positions in solution NMR ensembles (Yang et al., 2007) or with dynamic solid-state NMR data (Reichert et al., 2012) .
Inspired by the studies of B-factor behaviour in protein structures, there have been many attempts to predict B-factors from the sequence (e.g. Karplus and Schulz, 1985; Radivojac et al., 2004; Yuan et al., 2005) . Therefore, the availability of a crystal structure is not always a precondition for using B-factor applications. For example, it has been suggested that the predicted B-factors can be used for increasing protein thermostability if crystallographic data are not available (Reetz et al., 2006) . Table II lists webservers that predict mobility in a wide variety of ways at a wide variety of levels of detail.
Burnley et al. showed that disorder can best be accounted for by representing the macromolecule by an ensemble of structures (Burnley et al., 2012) . Such an ensemble, though, is difficult to use in molecular visualization, protein engineering or related applications.
More commonly, crystal structures describe disorder with average atomic displacement parameters (ADPs) and an occupancy factor if distinct alternate conformations can be resolved.
The most detailed ADP model available in the PDB requires six parameters to represent displacements along three orthogonal directions. For each atom these six anisotropic ADPs are stored in the ANISOU record of the PDB files (Fig. 2) . The isotropic approximation B eq of the anisotropic ADPs (Hamilton, 1959; Trueblood et al., 1996) is stored in the B-factor field of the corresponding ATOM record (Fig. 2 ) when anisotropic ADPs have been refined.
When crystals do not diffract to atomic resolution insufficient reflections are available to extensively parameterize the structure model. The data-to-parameter ratio can be improved in several ways. Known geometric aspects of macromolecules such as bond lengths and bond angles can be used as extra data (Engh and Huber, 1991) , or B-factors can be restrained to plausible values (Konnert and Hendrickson, 1980; Tronrud, 1996; Murshudov et al., 2011; Afonine et al., 2012; Thorn et al., 2012) . The number of parameters is reduced, for example, when occupancies are not refined or when the description of the ADPs is simplified.
A commonly used way to improve the data-to-parameter ratio is to assume that the ADPs are isotropic, so that modelling atomic displacement requires only one spherically symmetric ADP per atom rather than six anisotropic ones. The B-factors in the PDB file are calculated as B ¼ 8p 2 ,u 2 . where ,u 2 . is the isotropic ADP that represents the mean square displacement from the atom's mean position (see http:// www.cmbi.umcn.nl/bdb/theory/ for an extensive explanation of the theory behind the determination of B-factors in X-ray Protein engineering applications tend to use only these B-factors as a measure of mobility while anisotropic ADPs are usually ignored (see Table I for examples).
Most modern refinement programs allow even simpler parameterization by refining only one or a few ADPs per residue or chain (Brünger et al., 1998; Blanc et al., 2004; Sheldrick, 2008; Murshudov et al., 2011; Afonine et al., 2012) .
In practice ADPs do not only reflect the mobility of the atom, but also static disorder in the crystal and a series of other effects such as missing, spurious or misidentified atoms, unresolved alternate positions and data scaling problems. Furthermore, at low resolution the data often do not allow accurately separating atom mobility from the existence of multiple conformations, and occupancies and ADPs will often be highly correlated after refinement. Nevertheless, ADPs are generally considered good descriptors of the mobility of atoms.
Rather than modelling the displacement of each atom individually, groups of atoms can be treated as mobile pseudo-rigid bodies. The displacement of each group is modelled by 20 translation, libration and screw-rotation (TLS) parameters (Schomaker and Trueblood, 1968, Winn et al., 2001) . Therefore, TLS refinement is often applied in combination with ADP refinement to model bulk motion and local motion at the same time. The use of TLS allows estimating anisotropic atomic mobility even when the reflection-to-atom ratio is not very high (Painter and Merritt, 2006; Merritt, 2012) . TLS group parameters normally are present in the PDB file header.
In summary, several methods exist to model the displacement of atoms in crystal structures. Unfortunately, several methods 
W.G.Touw and G.Vriend also exist to represent mobility-related parameters in PDB files. For example, for several years 'residual' rather than 'full' B-factors have been reported for structure models with TLS groups refined by REFMAC. The isotropic contribution of the TLS motion is not included in residual B-factors (Winn et al., 2001) so that the full B-factors can only be obtained through matrix algebra (e.g. TLSANL, Howlin et al., 1993) . Although PDB management now demands that all new depositions contain full isotropic B-factors (http://www.wwpdb.org/docs .html), many thousands of older PDB files have not been converted yet, and we still found eight entries deposited with the new deposition system that also needed a B-factor conversion. When analysing all B-factors in the PDB, we also found that the mean square atomic displacement instead of B may be stored in the ATOM cards, or that the isotropic contribution of the overall scale factor (Sheriff and Hendrickson, 1987 ) may or may not be included in B-factors (explained on the associated website). The different meanings of B-factor values in existing PDB files may confuse non-experts, provided that they are aware of these inconsistencies at all. Prediction algorithms like the ones listed in Tables I and II are based on large data sets of B-factors. A larger set of more consistently represented B-factors might lead to improved predictions. Moreover, many of the tools in Table I make use of B-factors to identify the most flexible residues in a protein chain. These residues will often be different if the selection is based on residual B-factors rather than full B-factors (see below; Figs. 3 and 4) .
The average protein engineer will probably be hard-pressed to correct the inconsistent B-factor representations in order to obtain full B-factors. We created a procedure to detect inconsistent B-factor representations and convert all PDB files into PDB files with consistent B-factors (BDB files), thereby increasing the number of PDB entries suitable for B-factor analyses. BDB files are fully identical to PDB files, except that in BDB files B-factors are the 'full' isotropic B-factors that relate to atomic mobility most intuitively.
The Databank of PDB files with consistent B-factors (BDB) currently contains 89440 BDB entries, 7290 of which have B-values different from the corresponding PDB entries. In two-thirds of the corrected chains, the B-factor maximum is different from the maximum in the corresponding PDB chain and in the majority of the corrected structures the secondary structure element with the highest B-factors is different. The local maximum is two times more often different than the same.
Methods, results and discussion
The protocol for constructing a BDB file starts with gathering information form REMARK records in X-ray PDB files. It uses this information to determine the most likely type of B-value in the ATOM records. The most useful information is extracted from the information in REMARK 3 and includes software and version number, TLS group information and messages automatically produced by the X-ray software in the 'OTHER REFINEMENT REMARKS' section or elsewhere in REMARK 3. The PDB staff has recently performed a large remediation of the whole PDB (http://www.wwpdb.org/ remediation.html) and has identified many entries that probably contain residual B-factors. In this same remediation, many TLS group definitions have been corrected. In our scripts these annotations by PDB staff are given precedence over our own, automatic interpretation of the PDB file. TLS group definitions are otherwise assumed to be correct and used to convert residual B-factors into full B-factors using TLSANL (Howlin et al., 1993) .
In case the protocol failed to create a BDB entry, the corresponding WHY_NOT (Joosten et al., 2011 ; http://www.cmbi. ru.nl/WHY_NOT2/) entry will inform the user why the BDB entry could not be created. If the PDB file was found to contain full B-factors, the BDB file is simply identical to the PDB file.
The information extracted from the PDB file headers is interpreted and the combination of all information can lead to many different situations, the most important of which are: (i) B-factors resulting from TLS refinement with old versions of REFMAC (Murshudov et al., 2011) tend to be residual. REFMAC 5.0, 5.1, 5.2, 5.3, 5.4, 5.5, 5.6, 5.7 and 5.8 account for 0.67, 9.91, 56.40, 3.40, 4.36, 22.02, 1.19, 0 .59 and 0.06% of the PDB files with residual B-factors, respectively. An additional 1.40% did not report the particular REFMAC version. (ii) R.m.s. displacements instead of B may be stored in the ATOM records of structures refined by RESTRAIN (Driessen et al., 1989) . (iii) The isotropic contribution of the overall scale factor may or may not be included in B-factors refined by PHENIX (Afonine et al., 2012) . Unfortunately, this cannot be detected properly from the metadata provided by this software. (iv) B eq values calculated from the ANISOU records were not the same as the B-factors in the corresponding ATOM records of 237 files and were therefore not included in the BDB. In 10 other cases the B eq -factors could be reproduced by swapping the order of U 11 , U 22 , U 33 , U 12 , U 13 and U 23 on the ANISOU record so these 10 entries are in Fig. 2 . Gly 4 from PDB entry 4b4e. Six atomic ADPs U 11 , U 22 , U 33 , U 12 , U 13 and U 23 (units are 10 24 Å 2 ) are stored in the ANISOU records (italics). The ATOM records lists the X, Y and Z coordinates in Å , the occupancy and the isotropic approximation B eq in the B-factor field in Å 2 (bold). B eq is calculated as B eq ¼ 8p 2 U eq in which U eq ¼ (U 11 þ U 22 þ U 33 )/3, which is the mean square displacement averaged over all directions.
the BDB with correct B-factors but still with the original U-values in the ANISOU record. (v) Some residual B-factors could not be converted to full B-factors because TLS groups were not defined in the PDB file header (5 times), or because of problems with TLS group definitions (19 times). (vi) In a number of PDB files the metadata needed to determine whether full B-factors are present, simply is missing. These files were therefore excluded from the BDB. Examples are that the B-factor type could not be determined in the remediation of the PDB (97 times), that TLS group definitions are present but B-factor type details and ANISOU records are absent (192 times), that TLS group definitions are absent but a remark about TLS refinement is present in the PDB file header (14 times). (vii) Several other conditions were observed less than 5 times (see WHY_NOT).
If none of these conditions were met, then it was assumed that full isotropic B-factors were present in the PDB file. The full Normalized Ca B-factors from phosphomannomutase/phosphoglucomutase S108D mutant, residues 346 -454 (PDBID: 2fkm). These proteins are frequently used in protein engineering applications (e.g. Markussen et al., 1987; Brems et al., 1992; Ueda et al., 1993; Crowther et al., 1994; Jordan et al., 1999; Ueda et al., 2000; Koganesawa et al., 2001; Regni et al., 2006; Hagan et al., 2010; Mathew et al., 2013) . 2c8q, 3gui, 1zv4 and 2fkm all report individual isotropic ADPs, one or more TLS groups and REFMAC 5.2 as refinement program. The TLS contribution to the B-factors is included in the full B-factors but not in the residual B-factors. Normalization was performed so that the normalized B-factor distribution of atoms in each macromolecular chain has zero mean and unit variance. Graphs of all PDB and BDB B-factors are available from the BDB website. Fig. 4 . Distribution of the distance in primary structure between the global Ca B-factor maximum of a PDB chain and the corresponding BDB chain in 13968 chains for which the TLS contribution was added to residual B-factors to obtain full B-factors. Around 1700 entries were excluded from the analysis because .2% of the side chains were absent in the structure. The maximum is determined using a sliding window of five Ca atoms that moves along all residues in a chain except residues close to termini and chain breaks. B-factors were normalized as in Fig. 3 . Slightly more than 5200 chains have the same maximum in the PDB and BDB entries (not shown). The difference is one residue for 2046 chains and two or more for 6634 chains.
protocol can be inspected since the source code is freely available from the BDB website. Currently, 82150 BDB files are identical to the corresponding PDB files, 7290 BDB files are different and 917 X-ray PDB entries could not be converted to BDB entries. Fig. 3 shows that residual B-factors observed in PDB entries often differ dramatically from the full isotropic B-factors which include the TLS contribution to the B-factors. Fig. 3 also shows that in many cases the residues in a protein with the highest or lowest residual B-factors are not the residues with the highest or lowest full B-factors. This latter problem is of substantial concern for protein engineering experiments that use B-factors as a measure of mobility as part of their experimental design.
The studies listed in Tables I and II commonly use normalized B-factors (Karplus and Schulz, 1985; Smith et al., 2003) prior to comparing B-factors of different chains and structures. The apparent local and global maxima and minima of normalized residual B-factor distributions typically are also different from those of the corresponding normalized full B-factor distributions. Fig. 3 shows examples of normalized B-factor distribution differences for individual structures. Fig. 4 illustrates that normalized chain maxima in BDB entries are very often tens of residues away from the maxima in corresponding PDB entries. We observed that the B-factor maximum is different in 62% of the corrected chains even when the B-factors were smoothed using a sliding window of five residues.
We also analysed local Ca B-factor maxima in windows of seven residues in the 14 000 corrected chains and counted how often the local full B-factor maximum is the same as the local residual B-factor maximum and how often the two local maxima are located at a different residue position. It was found that the local maxima are two times more often different than the same.
A histogram of the absolute difference of the location of the global B-factor maximum between scaled PDB and BDB Ca B-factors is presented in Fig. 5 .
In 53% of the 5615 corrected structures with few (,2%) missing side chains, the secondary structure element with the highest average Ca B-factor was different from the secondary structure element containing the highest B-factors in the corresponding PDB entries. In 1260 structures, the BDB secondary structure element was also of a different type than the element in the corresponding PDB structure. For example, for 584 structures the PDB maximum was found in an a-helix, while the BDB maximum was found in a loop. The reverse is true for 394 structures.
In summary, we found that 10% of the X-ray entries deposited in the PDB do not contain full B-factors and that the full B-factors in converted BDB entries on average are different from the corresponding residual B-factors in PDB entries. Some authors of software in Tables I and II have detected a few of the inconsistencies that we have described. It is to be expected that many of those methods might benefit from a revision using BDB files instead of PDB files. Schneider et al., for example, realized the problems that BDB addresses and decided to simply not use files with residual B-factors in their macromolecular dynamics study (Schneider et al., 2014) (we have informed them of the BDB existence).
The metadata that was used to estimate the most probable B-factor type can be inspected at the BDB website. This website also shows the ADP model used upon refinement. 99.4% of the converted entries with residual B-factors report individual ADPs and 98% of all BDB structures report individual B-factors for all atoms.
BDB files can be downloaded in several different ways, and the entire databank can also be retrieved via rsync. The BDB is updated weekly and is freely available through http://www. cmbi.umcn.nl/bdb/. Fig. 5 . Distribution of the average absolute scaled Ca B-factor difference in 5556 PDB and BDB entry pairs for which the TLS contribution was added to residual B-factors to obtain full B-factors. Before calculating the differences, the B-factors in a PDB entry were first normalized as described in Fig. 3 , and then scaled so that the B-factor distribution has the same mean and variance as the distribution of the corresponding BDB entry.
